The composition of a glass former alloy and the cooling rate are both extremely important to determine the maximum glassy or critical thickness of a sample under a specific processing technique. This work compares the suction casting and the centrifugal casting techniques for processing two Cu-Zr-Al bulk metallic glasses where the main characteristics evaluated were the mold-filling ability, the average time per cycle, the oxygen contamination and the maximum thickness on which the glassy phase was obtained. The Cu-Zr-Al system was chosen due to its high glass forming ability, which is extensively reported in the literature. The wedge shape sample was chosen because it allows the evaluation of different thicknesses (hence cooling rates) at the same sample. Results revealed that the copper mold centrifugal casting had a higher oxygen contamination, whilst the mold-filling ability was similar in both processes. Also, for the centrifugal casting technique, the average time per cycle was higher and the maximum thickness in which glassy phase could be obtained was lower. A brief analysis considering the oxygen contamination on these alloys is also presented here, revealing the extreme importance of controlling this parameter. © 2013 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier E ditora Ltda .
Introduction
Until 1990, metallic glass processing was restricted to thin ribbon-shaped samples. However, the 1990s saw the introduction of the copper mold casting method [1, 2] due to the discovery of new alloy compositions with high glass forming ability (GFA). Since then, many alloys of different systems with high GFA have been discovered and are processed by copper mold casting to acquire a glassy structure, even allowing for up the prospect of conforming parts with dimensions of up to several centimeters, increasing the potential applications of metallic glasses [11] . Cu-based BMGs have a high compressive strain of up to 18%, together with a high maximum compressive stress of over 2200 MPa [12] . Allied to this, the GFA of Cu-based BMGs is sufficiently high to allow for the production of more than 1 cm thick samples [13] . Unlike other alloys, when loaded, these BMGs undergo work-hardening and not work-softening [12] , which is essential for structural applications. However, possibly their most impressive property is that they exhibit ductility under tension at room temperature (up to 0.5%) [14] . These characteristics make this alloy an important candidate for practical applications in structural areas such as microengineering.
The major challenge in using BMGs for industrial parts is their processing. In general, research in this area has mostly involved the use of high vacuum chambers with minimal oxygen content and other contaminants, substantially increasing the processing time, equipment needs, and hence, production costs. This work compares the performance of suction casting and centrifugal casting techniques for processing two Cu-Zr-Al BMGs.
Materials and methods
The Cu 53.5 Zr 42 Al 4.5 and the Cu 48 Zr 43 Al 9 alloys compositions were selected for this study because of their tendency to present high GFA when evaluated based on criteria of topological instability and average difference in electronegativity [15] . Three samples of each composition were cast in a copper mold using two different techniques: suction casting (SC) and centrifugal casting (CC). Fig. 1 depicts schematic diagrams of the two processes and the copper mold. The same mold was used in both processes: a wedge-shaped mold with wedge thickness varying from 0 to 10 mm, 11 mm width and 75 mm length. This mold was chosen because it allows for the evaluation of variations in different cooling rates along the wedge thickness of each sample. The smaller crucible used in the CC process was made of highalumina with yttrium oxide coating (for details, see de Oliveira [16] ). The crucible used in the SC process was a made of copper.
The ingot used in each process was previously prepared in a high vacuum and Ti-gettered arc melter using high purity Cu and Al (99.999%) and medium purity Zr (99.2%). Both processes were performed in an argon atmosphere prepared with a previous vacuum. A mechanical pump was used to prepare a low vacuum system which was used in both cases, considerably reducing the processing time.
All the samples were analyzed using a Philips XL30 FEG-SEM scanning electron microscope, a Rigaku Geigerflex X-ray diffractometer (XRD), and a Netzsch differential scanning calorimeter (DSC) to evaluate the maximum glass thickness (mm). All the SEM images were recorded using a backscattered electron detector (BSE). The average oxygen content of the samples was measured in a TC-436 oxygen and nitrogen analyzer (Leco Corporation, USA).
3.
Results and discussion
The CC and SC processing cycles required different time ranges and different amounts of materials. Although these parameters are related directly to the size of the equipment, it should be noted that centrifugal casting (CC) requires a larger chamber, which leads to higher raw material costs (Argon) and longer processing times, since preparing the vacuum chamber is time consuming. Furthermore, in the CC process, a larger amount of material is left in the crucible due to the longer path the melt must follow to reach the mold, thus requiring more material to produce a sample. Table 1 summarizes these processing characteristics, showing the time per cycle and the amount of material required. The SC technique offers some obvious advantages in terms of practicality and cost. A shorter time per cycle ensures greater productivity and less waste of material, thus tending to reduce the total cost of production. In contrast, the CC process requires two ceramic crucibles (see Fig. 1 ). The first crucible is larger, with virtually no contact with the liquid metal, and leads the melt to the copper mold by a small opening in its upper part when the centrifugal process begins. The smaller crucible fits into the larger one and is in complete contact with the liquid metal during the melting process. The smaller crucible cannot be reused and the larger one breaks after two cycles, contributing to further increase the production cost when compared to that of the SC technique, in which the crucible is fully reusable. Another problem of the ceramic crucible is that long heating times to high temperatures are required to prevent breakage, increasing the possibility of oxidation.
The mold was filled completely in both processes. Although the tip of the wedge was not entirely homogeneous, the wedges presented a relatively smooth surface, as shown in Fig. 2 , which also shows that many samples fractured in positions always above the maximum glass thickness.
The SEM micrographs revealed different microstructures in different thicknesses of the samples. Close to the tip, the samples presented a homogeneous microstructure (featureless), indicating a fully amorphous structure. In thicker regions, T able2-Maximum glass thickness obtained by each process. As the tip of the wedge was not regular under 0.5 mm, the exact maximum glass thickness of the Cu 48 Zr 43 Al 9 samples processed by the CC technique could not be precisely determined. 5 samples recorded at different thicknesses, showing the above described behavior. These micrographs were taken from samples processed by the SC technique. All the samples processed by the CC technique exhibited the same behavior, but the thicknesses where crystalline phases began to appear were lower (maximum fully featureless structure -fully glassy structure). Table 2 summarizes the results of the maximum thicknesses containing predominant glassy phase observed by SEM. The samples were analyzed by XRD and DSC to confirm the maximum glassy thickness. Fig. 4 shows the XRD pattern of a wedge-shaped sample in two different ranges of thicknesses. No crystalline peaks are visible in the diffractogram of the Cu 53.5 Zr 42 Al 4.5 sample up to 2 mm, whereas the region of 2-3 mm thickness shows several X-ray diffraction peaks, indicating that the maximum glass thickness may be 2-3 mm. The DSC analysis, also illustrated in Fig. 4 , shows an exothermic reaction that indicates the presence of a glassy phase with a thickness of up to 3 mm in the Cu 53.5 Zr 42 Al 4.5 sample processed via SC. The samples processed by CC showed an exothermic reaction only at the tip of the sample (around 0.5 mm thick). The Cu 48 Zr 43 Al 9 samples were analyzed similarly. However, the values for the maximum glass thickness were lower in both processes: around 1.5 mm for SC processed samples and less than 0.5 mm for the CC processed samples, as indicated by the absence of X-ray diffraction peaks and exothermic reactions in the thermal analysis.
All the results of the SEM analysis confirmed the ranges of glass thickness, i.e., the regions in which no crystalline phase was visible and presented no X-ray diffraction peaks. Since all thermal analyses involved regions less than 1 mm thick, all DSC curves showed a crystallization peak. However, the intensity and position varied with the process and composition. The results consistently indicated that the SC technique provides better glass forming conditions.
The heat exchange between metal and mold is strongly dependent on the metal-mold contact during solidification. The molds are filled by both the centrifugal pressure (in the CC technique) and the pressure difference between the chambers (in the SC technique), thus promoting the metal-mold contact. Rough estimates of these parameters were obtained based on the data of the processes. Both calculated pressures were in the same order of magnitude, indicating that the differences in the results cannot be explained by the casting technique.
Oxygen contamination was then examined as an alternative explanation. Measurements were made of two samples processed by each technique and the results are presented in Table 3 . These results clearly show that in addition to minor differences in oxygen content in samples produced by the same process, oxygen contamination is intrinsically higher in the CC process. Therefore, it is clear that oxygen has a negative effect on the GFA of Cu-based alloys of the Cu-Zr-Al system. The literature reports the effect of oxygen content on the crystallization resistance of Zr-based alloys of the Cu-Zr-Al system [17, 18] and also on the GFA, leading to the nucleation of an oxygen induced big-cube phase [19] or even the formation of quasi-crystals containing oxygen that act as nucleating agents of the Zr 2 Cu phase [18] . Therefore, in principle, the levels of oxygen contamination found here may be the reason why the maximum glass thickness achieved in this work is lower than that of similar compositions reported previously [13] .
Conclusions
Both processing routes studied here, copper mold suction casting (SC) and copper mold centrifugal casting (CC), were successful in producing Cu-based BMG samples of different compositions, with glassy structures and dimensions of up to 2.5 mm. The SC process showed some practical advantages due to its operational conditions of less time per cycle, faster melting time, smaller chamber volume and smaller amount of consumable materials (ceramic crucibles). These conditions also contributed to less oxygen contamination in the SC process. The oxygen content in Cu-based alloys of the Cu-Zr-Al system has a detrimental effect on the GFA and on the solidification behavior, leading to the nucleation of primary phases during solidification at low cooling rates.
